Abstract. In this paper, we investigate the band gaps of micro-machined air/silicon phononic structures both theoretically and experimentally. Based on the plane wave expansion method, dispersion relations of the surface and bulk modes with square lattices in air/silicon two-dimensional phononic structures are calculated and discussed. Band gap widths due to the filling fraction and temperature variation are also analyzed. On the experimental side, generation and reception of high frequency surface acoustic wave in this band structure are realized by a pair of interdigital transducers (IDT) with frequency around 200 MHz. Details of the fabricating process of the phononic structure and the high frequency surface wave generating and receiving IDTs are given. The results demonstrate clearly the existence of SAW band gap in the micro-machined phononic structure and this study may serve as a basis for studying the band gap of SAW in micro-machined phononic structure with the dimension in the order of micrometer and find applications in the RF SAW devices.
Introduction
In recent years, application of photonic crystals is an exciting topic for multiple purposes, for example, DWDM (dense wavelength division multiplexing) filters, line defect waveguides [1] , sharp bending of light [2] , and etc. One-dimensional (comb-like structures), two-dimensional (cylinder arrays in different substrates) and three-dimensional (spherical inclusions in a host matrix) photonic crystal structures have been proposed and demonstrated a variety of fundamental and practical interests [3, 4] . This has led to a rapidly growing interest in the analogous acoustic effects in periodic elastic structures called the phononic crystals. For describing the different kinds of elastic/acoustic waves or the frequency ranges, the phononic crystals can also be called the sonic crystals, ultrasonic crystals or liquid phononic crystals for fluid/fluid band structure. The repetitive structures made up of different materials can prevent elastic waves from passing by at some specific angles or in certain frequency bands.
For the common knowledge within the physics community, there are bulk and surface acoustic waves (BAW and SAW) in conducting the elastic/acoustic waves in the elastic media. For research in band gaps of BAW modes of phononic structures, the mixed and transverse polarization modes have been carried out using plane wave expansion (PWE) method [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The effects of the orientation of square rods on the acoustic band gaps in a two-dimensional phononic crystal (solid/air) were discussed [10] [11] [12] [13] . In conducting the acoustic waves in the mixed system (fluid and solid), the modified PWE method was used to predict the phenomena between fluid and solid [10, [12] [13] [14] [15] . Except for the PWE method, the multiple scattering theory was applied to study the band gaps of bulk wave properties in three-dimensional periodic acoustic composites and the band structure of a phononic crystal consisting of complex and frequency dependent Lame' coefficients [16] [17] [18] [19] . The finite difference time domain method (FDTD) was applied to interpret the experimental data of two-dimensional systems consisting of cylinders of fluids (Hg, air, and oil) inserted periodically in a finite slab of Al host [20] . The FDTD was also used to calculate the periodic solid-solid, solid-liquid, and solid-vacuum composites [21] . The coupling characteristics of localized phonons in photonic crystal fibers were investigated theoretically using the FDTD method [22] . The experimental evidence for the existence of absolute acoustic band gaps (BAW modes) have also been investigated [20, [23] [24] [25] [26] [27] [28] . Vasseur et al. [23, 24] compared the experimental measurement of acoustic transmission through triangular arrays of two-dimensional periodic structures with that of the theoretical calculations. Montero de Espinosa et al. [25] accomplished the experimental demonstration that observing ultrasonic band gap of longitudinal wave in square periodic structures. Torres et al. [26] reported the ultrasonic wedges for elastic wave bending and splitting without requiring a full band gap. Russell et al. [27] detected and controlled the high frequency (about 20 MHz) sound in a dual-core square-lattice photonic crystal fibre perform using the interferometric set up. Ho et al. [28] demonstrated a class of sonic shield materials based on the locally resonant microstructures and showed that a broad-band (200-500 Hz) sound shield has been achieved experimentally. Recently, the focusing, anomalous, and negative refraction of ultrasound waves in phononic crystals were also reported [29, 30] .
Investigations into surface wave properties of solids in which the periodic modulation occurs on the traction-free surface did not take place until quite recently [31] [32] [33] [34] [35] [36] [37] . The calculations for surface waves on a square and hexagonal superlattice consisting of cubic (AlAs/GaAs) and isotropic (Al/polymer) materials were reported [31, 32] . Recently, Wu et al. [33] studied the phononic band gaps of both of the surface and bulk acoustic modes in twodimensional phononic structures consisting of general anisotropic materials. Some literatures aimed at studying the surface acoustic waves in phononic structures experimentally [34] [35] [36] [37] [38] . Vinces et al. [34, 35] conducted an experimental study on the surface waves generated by a linefocus acoustic lens at the water-loaded surfaces of a number of two-dimensional superlattices that intersect the surface normally. The propagation of Scholte-like acoustic waves at the liquid-loaded surfaces of periodic structures has also been studied [36] . Rayleigh-wave attenuation in a semi-infinite two-dimensional elastic-band-gap crystal and surface state phenomena in linear and point defects were reported and discussed [37, 38] .
Although many theoretical and experimental studies have been done on two-dimensional periodic structures up to now, the experimental studies existed in the literatures are with the dimension in the order of mm and a few tens of micrometers while the frequency in the order of kHz and a few tens of MHz ranges. Toward the application of phononic crystals to the silicon based MEMS components, such as low insertion loss filter, micro acoustic channel and etc., it is necessary to reduce the size to the micrometer (or even further in the nanometer) scale and the frequency in the ranges from couple hundred MHz to couple GHz. In this paper, we investigate the band gaps of micro-machined air/silicon phononic structures both theoretically and experimentally. Based on the modified PWE method adopted in Ref. [33] , dispersion relations of the surface and bulk modes with square and hexagonal lattices in air/silicon two-dimensional phononic structures are calculated and discussed. Band gap widths due to variation of the filling fraction and temperature are also analyzed. The results are then used to design the dimensions and the lattice arrangement of the phononic structures in MEMS fabricating process. To further integrate with the MEMS applications, the CMOS processing techniques are followed to fabricate the two-dimensional phononic structures and the layered SAW devices. A silicon wafer is chosen as the substrate material and combined with an array of cylindrical holes to form a phononic structure. In order to generate surface acoustic waves in the silicon substrate, piezoelectric ZnO thin film is sputtered on top of the substrate. A pair of interdigital transducers on the ZnO thin film thus can generate and receive surface acoustic waves. The insertion losses of the ZnO/Si layered SAW systems are measured using the network analyzer. Details of the fabricating process of the phononic structure and the high frequency surface wave generating and receiving IDTs are given.
Acoustic waves in two-dimensional phononic band structure
In the following calculations, the formulation based on the PWE method presented in Ref. [33] was adopted. A brief description of the theory is given in the following. In an inhomogeneous linear elastic medium with no body force, the equation of motion of the displacement vector uðr; tÞ can be written as
where r ¼ ðx; zÞ ¼ ðx; y; zÞ is the position vector; rðrÞ and C ijmn ðrÞ are the position-dependent mass density and elastic stiffness tensor respectively. We consider a phononic crystal composed of a two-dimensional periodic array (x À y plane) of material A embedded in a background material B. Due to the spatial periodicity, the material constants, rðxÞ and C ijmn ðxÞ can be expanded in Fourier series with respect to the two-dimensional reciprocal lattice
where r G and C ijmn G are the corresponding Fourier coefficients.
To utilize the Bloch's theorem and to expand the displacement vector uðr; tÞ in Fourier series for the analyses of the surface and bulk waves, we have
where k ¼ ðk 1 ; k 2 Þ is the Bloch wave vector, w is the circular frequency, k z is the wave number along the z direction, and A G is the amplitude of the displacement vector. We note that as the component of the wave vector k z is equal to zero, Eq. (4) degenerates into the displacement vector of a bulk acoustic wave. On substituting Eqs. (2)- (4) into Eq. (1), and after collecting terms systematically, we obtain the generalized eigenvalue problem as
where A, B and C are 3n Â 3n matrices, and are functions of the Bloch wave vector k, components of the two-dimensional RLV, circular frequency w, the Fourier coefficients of mass density r G and components of elastic stiffness tensor C ijmn G . n is the total number of RLV used in the Fourier expansion, and U is the eigenvector. The expressions of the matrices A, B and C were listed in Ref. [33] .
By applying the surface wave conditions and the traction free boundary conditions on the surface, the dispersion relation for the surface waves propagating in the twodimensional phononic crystals, with both of the filling and background materials belonging to the triclinic system, can be obtained [33] . When k z in Eq. (5) is equal to zero, the equation degenerates into the eigenvalue problem of the bulk waves as
The dispersion relations of the bulk waves propagating in the two-dimensional phononic crystals can be obtained by setting the determinant of matrix C equal to zero. For the analysis of temperature effect on the band gaps of SAW and BAW modes in phononic crystals, the material constants, rðxÞ and C ijmn ðxÞ in Eqs. (1), (2) and (3) can be expanded at temperature T and in Fourier series. In this paper, air and silicon are utilized as both of the cylinder and the background materials respectively. From the elastic constants at room temperature (25 C), the temperaturedependent elastic constants of the material, silicon, can be obtained by using [39] XðTÞ
where T 0 is 25 C, and X(T 0 ) is the elastic constant evaluated at room temperature.
@T 2 are the first and the second order temperature coefficients respectively. T is increased from 0 C to 100 C. The first order temperature coefficient of the density reads
where a 11 , a 22 , and a 33 are the expansion coefficients along the x, y, and z axis respectively. In this paper, we only consider the first order temperature coefficients and the expansion coefficients of silicon and air. The related constants of the first order temperature coefficients of silicon can be found in Ref. [40] and the thermodynamic properties (density and sound speed) of air can be found in Ref. [41] . It is worth noting that the filling fraction and the effects of the thermal stresses arising from the thermal expansion mismatch between the superlattice components when the temperature is varied are neglected for the case of air/solid band structure.
The band gaps of SAW in the air/silicon band structure
In this study, we consider a phononic crystal consisting of silicon substrate and square arrays of air cylindrical holes. The modified PWE method can be well approximately used because of the high-density contrast between solid and air [10, [12] [13] [14] [15] . It is well-known that the high density contrast between solid and air leads to unexpected flat bands in the band structure. We get round this problem by adopting the technique shown in Ref. [10] . The flat bands can be removed by taking an artificial transverse velocity inside the fluid. Instead of postulating a purely longitudinal behavior of the solid [12] [13] [14] [15] , we also give an artificial transverse character to the fluid [10] . Figure 1 shows the results of SAW and BAW modes propagating on the surface of a two-dimensional air/silicon phononic structure. The vertical axis is the frequency in units of MHz and the horizontal axis is the reduced wave vector (k Ã ¼ ka=p). Where "a" is the distance between two cylinders and k is the wave number. In the calculations, the x À y plane is parallel to the (001) plane and the x axis is parallel to the [100] direction of the silicon. The filling fraction (ff) of the primitive unit cell is ff ¼ 0.283 (r/ a ¼ 0.3, a ¼ 10 mm). The irreducible Brillouin zone of the air/silicon phononic structure with square lattice is shown in the inset of Fig. 1 . As shown in Fig. 1 , along the GÀX boundary of the irreducible Brillouin zone, the fundamental and the higher surface wave modes are belonging to the normal SAW modes (solid circles). At the X point of the irreducible Brillouin zone, the first frequency gap is located between 194.64 MHz and 223.53 MHz. As a preliminary study of SAW band gap in micro-machined phononic structure, we choose the [100] direction as the testing example. For comparison, the dispersion relations of the bulk modes are also shown in Fig. 1 . The thin solid lines represent the fundamental (SV 0 ) and the higher shear vertical modes (SV 1 ). The square symbols are those for the fundamental modes (L 0 ). The bold solid lines represent the fundamental shear horizontal modes (SH 0 ), while the lines with "Â" symbols represent the higher shear horizontal modes (SH 1 ).
The frequencies w 1 , w 2 and the band gap widths (Dw ¼ w 2 À w 1 ) due to the filling fraction are analyzed in Fig. 2 . Shown in Fig. 2 , the vertical axis is the frequency in units of MHz and the horizontal axis is the filling fractions ðff ¼ pr 2 =a 2 Þ. The solid circles represent the fundamental and higher SAW modes while the open circles with dash lines represent the band gap widths of SAW modes at the X point. It is worth noting that the frequencies w 1 and w 2 decrease as the filling fraction of the band structure rises. The band gap widths Dw increase as the filling fraction rises and reach the maximum value at about ff ¼ 0:48. On the other hand, the frequencies w 1 , w 2 and the band gap widths of SAW modes at the X point due to the temperature variation are considered in Fig. 3 . In this paper, we increase the temperature of the band structure from 0 to 100 degrees centigrade. The elastic properties and densities of the silicon from 0 C to 100 C utilized in this example are calculated from Eqs. (7) and (8) . The relative elastic properties of air from 0 C to 100 C are calculated from the data of densities and sound speeds in Ref. [41] . The vertical axis is the frequency in unit of MHz and the horizontal axis is the temperature of the band structure. In   Fig. 3, the frequencies w 1 , w 2 decrease as the temperature of silicon rises while the band gap widths Dw also decrease as the temperature of silicon rises. In this study, we found that the band gap widths of the propagating modes can be enlarged or reduced by adjusting not only the filling fraction but also the temperature effect. Furthermore, with the same dimensions of the lattice constant and the radius of cylinders, we also calculated the variations of band gaps of the air/silicon band structure in hexagonal lattice. We found that the band gap width of SAW modes propagating along x axis has the maximum value when the band structure is adjusted in square lattice.
Experimental evidence of SAW band gaps
To design the dimensions of the phononic structures in MEMS fabricating process, we take the distance between two cylinders "a" equaling to 10 mm and the radius of cylinder r equaling to 3 mm. The band gap along GÀX direction of the two-dimensional air/silicon phononic crystals is located between 194.64 MHz and 223.53 MHz. Shown in Fig. 2 , the vertical dash line indicates the locations of the frequencies w 1 , w 2 and the band gap widths of SAW modes at ff ¼ 0.283. Figure 4 shows the schematic diagram of the layered SAW system. Six rows of cylinders are located between the IDT pair. The layered SAW device fabrication is prior to the drilling of the cylindrical holes in order to avoid deposition of thin film existing on the cylindrical area.
In the following, we describe the procedures for fabricating the two-dimensional phononic crystals and the SAW device. The fabricating process is divided into four major steps. At the outset, the RF magnetron sputtering system with zinc oxide target is used to deposit ZnO thin film on the silicon substrate. The target is sintered stoichiometric ZnO with 99.9% purity, and its dimensions are 100 mm in diameter and 3 mm in thickness. The distance between the target and the substrate is 13 cm to make sure of the uniformity of thickness. The thickness of ZnO thin film is about 1.7 mm. Secondly, the layered IDTs are fabricated by using the lift-off process. The advantage of using the lift-off process is that it can prevent patterns from under cutting effect and have better transformation from the photo mask. Both of the transmitting and receiving IDTs consist of 50 pairs of IDT fingers. The thickness of the IDT electrode measured by a surface profiler is about 1950 A. Thirdly, the ZnO thin film between two IDTs is removed with etching process in order to fabricate the cylindrical holes. The etching time of the ZnO film by the mixture, H 3 PO 4 : HAc : H 2 O ¼ 1 : 1 : 10 solution, is about two to four minutes. The final step is to manufacture the two-dimensional periodic arrays of air cylinders. Since the energy of SAW is mostly confined to a depth of one to two wavelengths of the SAW, the depths of the two-dimensional periodic cylinders are fabricated at least 80 mm. The ICP (Inductively Coupled Plasma-reactive) ion etching is utilized to fabricate the arrays of air cylinders. Different from the traditional RIE etching (Reactive Ion Etching), ICP etching has relatively high etching rate and can reduce lateral etching effectively. Besides, ICP etching can be used to fabricate high aspect ratio structures. In order to protect those finished patterns from the ICP etching, a thicker photo-resist AZP 4620 is used instead of the photo-resist S1813. The depth of the cylindrical holes is around 90 mm which is revealed by sectioning the sample and measuring from the SEM image. Figure 5 shows the SEM image of part of the fabricated air/silicon phononic structure. The image shows that both of the IDTs and the arrays of air cylinders are well fabricated, and the six rows of the air cylinders are located between the two IDTs. The diameter of the cylinder is very close to the designed one, i.e., diameter ¼ 6 mm.
To demonstrate the band gap of SAW in air/silicon phononic crystal, two layered SAW systems (two IDTs and one delay line) are fabricated. One is located in the band gap and the other one is not. The wavelengths of the two layered SAW systems are 32.8 mm and 21.6 mm respectively. For comparison, two layered SAW systems without the phononic structure in the silicon delay line are also fabricated. Except for the phononic structure, all the other parameters of the layered SAW systems are the same as what mentioned above.
Shown in Fig. 6 is the measuring insertion loss of the layered SAW systems with wavelength 32.8 mm. The vertical axis is the insertion loss in units of dB and the horizontal axis is the frequency in units of MHz. The S 21 parameter is measured from the network analyzer as the insertion loss. The insertion loss is usually expressed in dB. In Fig. 6 , the dashed and solid lines are the insertion loss of the SAW systems with and without air/silicon phononic structure respectively. The result shows that the center frequency of the SAW system is around 137 MHz, which is located outside the band gap, i.e., 194.64 MHz and 223.53 MHz. In addition, we observe that most of the SAW energy transmitted through the phononic structure with very little difference in the insertion loss for the two SAW systems.
On the other hand, the measuring insertion loss of the layered SAW systems with wavelength 21.6 mm is shown in Fig. 7 . The result shows that the center frequency of the SAW system is around 197 MHz, which is located inside the band gap. In this case, we observe that most of the SAW energy is blocked by phononic structure. We also found that the stop band seems to start from 190 MHz instead of the calculated one 194.64 MHz. Nevertheless, the experimental results do demonstrate the existence of a SAW band gap around this frequency range.
Summary and conclusions
The salient features of the air/silicon phononic band structure with square lattice arrangement have been reported in this paper. In summary, we have presented for the first time an experimental study on the propagation of high frequency SAW in micro-machined two-dimensional phononic structures with the dimensions in the order of micrometer scales. ZnO/Si layered SAW systems with and without air/silicon phononic structure are designed and fabricated using the MEMS technique. Details of the fabricating process of the phononic structure and the high frequency surface wave generating and receiving systems are discussed. The insertion losses of the layered SAW systems are measured and the results are demonstrated clearly the existence of SAW band gap in the micro-machined phononic structure. We note that the results of this study may serve as a basis for studying the band gap of SAW in CMOS fabricated phononic structure with the dimension in the order of micrometer and further find applications in the RF SAW devices and MEMS components. The temperature effect on the band gaps of SAW and BAW modes in the phononic structure is quite obvious [42] and the experimental evidence awaits further study. 
